Louisiana State University

LSU Digital Commons
Faculty Publications

Department of Physics & Astronomy

1-1-1987

New patterns in atomic spectra
A. R.P. Rau
Louisiana State University

Follow this and additional works at: https://digitalcommons.lsu.edu/physics_astronomy_pubs

Recommended Citation
Rau, A. (1987). New patterns in atomic spectra. Nature, 325 (6105), 577-578. https://doi.org/10.1038/
325577a0

This Article is brought to you for free and open access by the Department of Physics & Astronomy at LSU Digital
Commons. It has been accepted for inclusion in Faculty Publications by an authorized administrator of LSU Digital
Commons. For more information, please contact ir@lsu.edu.

_N_A_TU_R_E_v_o_L_._3z_s_tz_ffi
__B_Ru~A~R~Y~t9~87________________ NEWSANOVIEWS------------------------------------s_77
Atomic physics

New patterns in atomic spectra
A. R. P. Rau
CAN there still be anything new in the
problem of a hydrogen atom in a uniform
magnetic field? Most physicists are likely
to say no and be surprised that this seemingly simple problem is not yet fully
understood and that unexpected and
qualitatively new phenomena continue to
emerge. Recent experiments'·' by a group
at the University of Bielefeld provide the
latest twist to a fascinating story that has
been developing over the past fifteen
years'-'. The story is a good example of
how new patterns and structures, whose
understanding poses non-trivial questions, can emerge from combining two
well-understood forces. This simple
atomic system seems to be rich in its implications for the general study of processes
such as non-separable and non-integrable
classical and quantum mechanics, and the
nature and onset of chaos.
The motion of an electron in the
Coulomb field ( -e'lr) of a positive charge
or in the diamagnetic potential (Vz B'p',
where p' = x' + y') of a uniform magnetic
field B (along the z-direction) is a familiar
one when either field acts alone. The
Coulomb problem has an infinite Rydberg
progression of bound-state energy levels
that terminate at the edge E = 0 of the
continuum; the higher energy levels
(E~O) are highly degenerate. The magnetic problem, on the other hand, has an

infinity of equally spaced energy levels for
the motion in x and y (the Landau spectrum, with spacing equal to 1fw,, where
w, is the cyclotron frequency and 1f is
Planck's constant) and free motion along
z. Once again each Landau level is highly
degenerate. When both fields act
together, the situation is again familiar
when the magnetic field is weaker than the
Coulomb field. Perturbation theory then
applies for the diamagnetic interaction or
for the linear coupling of the magnetic
moment of the electron to the magnetic
field (Zeeman and Paschen-Back effects). The spectrum is a Rydberg pattern
with some sub-structure imposed by the
magnetic field on each energy level. Similarly, in the past fifteen years, in dealing
with atomic structure on neutron stars (believed to have large magnetic fields, B- 2
x 10" tesla), there have been extensive
studies• of the regime when the diamagnetic potential is dominant and the
Coulomb field secondary. Again, standard techniques apply and the spectrum
can basically be described as equally
spaced Landau levels (spacing - 10 ke V)
with sub-structure caused by the Coulomb
potential.
But what happens in between, when
neither field can be considered perturbative and both terms in the Coulombdiamagnetic potential, V(p,z)
( -e'lr)
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a, Absorption spectrum of strontium with a+ (m=l) polarization in a 4.7-tesla magnetic field
(from ref. 7). b, Schematic drawing of a to emphasize three characteristic regimes. c, Equipotentials of Coulomb-diamagnetic potential. The numbered paths correspond to different
modes of quantization around E = 0.

+ YzB'p' (where B is in units of 4.7 x 10'
tesla), are equal. For any value of B, this
situation will obtain around E = 0. Starting with the basis of eigenstates of either
field alone, an infinite number of states
are mixed together by the full potential.
One may then expect no simple regularities or structures in this "strongly mixed"'
region of the spectrum. Yet in 1968 the
first experimental results from this region
belied this expectation. The figure (a)
shows an absorption spectrum' of the principal series in strontium in a field of B =
4. 7 tesla. The most striking feature of this
and subsequent experiments with other
atoms is the pattern of broad, equally
spaced resonances around E = 0. Regardless of the atom, the spacing between
resonances is (3/2)ffw,.
Therefore, as shown in b, the problem
of combined Coulomb and diamagnetic
motions seems to have three, not two,
regimes with characteristic signatures.
Complementing the two signatures of
Coulomb and Landau patterns, when one
or the other field is dominant, is the equally characteristic signature of the strongmixing regime'. A full understanding of
the origins of a simple pattern in a highly
non-perturbative regime and the generality of this result (similar results obtain for
strong mixing of Coulomb and electric
fields') are still open questions. The new
results'·', the first experiments with hydrogen, hold another surprise. As well as the
(3/2)ffw, resonances, there are other
families of equally spaced resonances with
other spacings.
The Coulomb-diamagnetic potential
V(p,z) is non-separable and not exactly
solvable. A partial understanding of the
experimental observations can be gained
from the equipotentallines sketched in c.
After the initial experiments, it was
realized"·• that in considering the motion
of an electron on this equipotential surface, if one envisages motion along the paxis, then for every energy E (even E > 0)
this motion is bounded. The electron has
both p- and z- motions, the two are coupled by the Coulomb term in V(p,z) so
that for any E > 0 the latter motion will
eventually lead to escape. But, application of a semi-classical quantization condition for the path 1 gives'·•·• for E - 0 a set
of energy values with equal spacing of (3/
2)!iw,. The new spacings seen in the hydrogen experiment have now been similarly
correlated' with the other paths in c
through both classical trajectory calculations for recurrence times following successive reflections from the V = 0 and
p = 0 lines, and corresponding semiclassical quantization along the paths
shown'· 10 • One can expect decreasing
intensity with increasing length of paths.
This fits with the (3/2)/'iw, spacing being
dominant in nearly all experiments to
date, except one' when the vanishing of
the wavefunction along the p-axis dis-

578
_ _ ------------------NEWSANDVIEWS--------N_A_Tu_R_E_v_o_L_._3z_s_rz_F_E_B_R_uA_R_Y_I9_87

favours it. It is also clear from c, as noted
by the Bielefeld group', that for the
higher-numbered paths, the higher
bounces at large z take place mainly under
the diamagnetic influence, the Coulomb
term being insignificant; therefore, successive recurrence times are staggered by
the cyclotron period T, = 2:n!w,.
There is as yet little progress in going
beyond such simple one-dimensional
semi-classical calculations for energy
spacings. A fuller understanding of the
quantum mechanics of the non-separable
potential still eludes us. Intensities and
widths of the observed strong-mixing patterns remain unexplained.
The Coulomb-diamagnetic problem
has also become of interest as a real physical system that is amenable to experiments in which questions of classical and
quantum chaos can be studied. Classical
trajectory calculations show a passage
from regular patterns in phase space to a
random chaotic distribution as the E = 0
limit is approached from negative
energies. Similarly, large-scale numerical
diagonalizations of V(p,z) in a basis of
Coulomb wavefunctions show that the
spacing between eigenvalues has a
Poisson distribution so long as B'!IEI' is
small but changes to a Wigner distribution
as this parameter becomes large''· 13 • Given
the infinite pile-up of Rydberg levels atE
= 0, all such calculations have perforce
stopped a little short of the ionization limit.
Clearly, much is still unknown about
this simple but rich atomic system. There

is already an indication of further surprises in store because the hydrogen experiment shows other spacings that cannot be
correlated with the sequence of paths in c.
But it is also clear that more experimental
and theoretical understanding of this fascinating system of hydrogen in a magnetic
field will have wider application for the
physics of non-separable potentials. Just
as the development of perturbation theory
through the study of the Zeeman and
Stark effects has contributed tools for
general theoretical physics, so also a fuller
elucidation of strong mixing in this system
is likely to be of interest elsewhere m
physics.
D
I. Holle, A. eta/. Phys. Rev. Lett. 56,2594-2597 (1986).
2. Main. J .• Wiebusch, G .• Holle, A & Welge, K. H. Phys.
Rev. Lett. 57,2789-2792 (1986).
3. Rau, A. R. P. Phys. Rev Al6, 613-617 (1977);1. Phys 812,
L193-L198 (1979).
4. Kleppner, D., Littman, M.G. & Zimmerman, M. L. in
Rydberg States of Atoms and Molecules (eds Stcbbings.
R.F. & Dunning, F.B.) 73-116 (Cambridge University
Press, 1983).
5. Gay, J. C. in Progress in Atomic Spectroscopy, Part C (eds
Beyer, H. J. & Klcinpoppen, H) 177-246 (Plenum, New
York, 1984).
6. Garstang, R. H. Rep. Progr. Phys 40, 105-154 (1977).
7. Garton, W. R. S. & Tomkins, F. S. Astrophys. J. 158,839845 (1969).
8. Edmonds, A.R. J. Physique 31, C4 71-74 (1971).
9. Starace, A. F. J. Phys. 86,585-590 (1986).
10 Al-Laithy, M.A., 0 Mahony, P. F. & Taylor, K. T. J.
Phys. 819 , L773-L777 (1986).
11 Fano, U. Atomic Physics (eds Lindgren, I. & Svanberg, S.)
Vol. 8 5-22 (Plenum, New York, 1983).
12 Wintgen, S. & Friedrich , H. Phys. Rev. Lett. 57, 571-574
(1986).
13 Delande, D. & Gay, J. C. Phys. Rev. Lett 57, 2006-2009
(1986).

afferents into the cortical subplate region'.
Their axons pass to deep cerebral structures and to the opposite hemisphere'.
Although the cells are immunoreactive for
neuropeptides it is not yet known whether
these peptides are transported down the
axons or whether the axons establish
synaptic contacts. Electron-microscope
evidence, however, shows that the cells do
receive synaptic contacts.
If the cells turn out to be electrically
active at this early stage then one can
suppose that the temporary impulse traffic
is involved in the further development of
cortical and subcortical circuitry; the cells
are unlikely to play a role in the transmission of sensory or motor functions of the
organism at this stage. If they are not discharging impulses then they are probably
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Neurobiology

Disappearing developing cells
R. W Guillery and H. P. Killackey
THE early formation of nerve cells and
connections, produced in excess of adult
needs and made with many 'errors', has
over the past 30 years become an acceptable concept to neurobiologists'. Such
regressive phenomena are believed to
contribute to the formation of an accurately connected nervous system. The
possibly related phenomenon of transient
nerve cells, which are present in early
development but have no adult counterparts, has been raised in the past, but
Chun, Nakamura and Shatz on page 617
of this issue' report new evidence for a
population of cortical neurons that establishes synaptic connections and subsequently disappears. This observation
suggests that regressive phenomena such
as cell death are involved in processes
other than error correction during normal
neuronal development.
The population of cortical cells reported by Chun et al. lies in the cortical
subplate; the cells are born early, have
local dendrites and longer axons, receive

synaptic connections, develop putative
transmitters and then largely disappear
during early postnatal development.
These cells probably correspond to the
Martinotti cells of deep cortical layers (see
figure) and the Cajal-Retzius cells of
superficial cortical layers, both of which are
also formed very early. The disappearance of these cells has long been suspected
but it has never before been clear whether
they became modified into other cell types
or degenerated; nor was it known whether
at early developmental stages they had
established synaptic connections. By
selectively labelling the oldest cortical
nerve cells using pulse labels of radioactive thymidine, Chun et al. now show
that the earliest-formed cortical cells fail
to survive even though they develop all
the neural characteristics listed above.
What are these neurons doing? They
are found before the major cell layers
(II-V) of the cortex have developed, and
occur simultaneously with the entry of the
thalamocortical and interhemispheric

Ramon Y Cajal's drawing' of cortex from a
four-day-old mouse. This Golgi preparation
shows the Martinotti cells (h) and the CajalRetzius cells (c) in the cortex at a stage later
than that described by Chun et a!. 2 , after the
intermediate cell layers have developed. See
text for further details.

concerned with local interactions at each
end of the long axonal process; these
interactions may be temporary trophic
effects.
One such interaction could be the maintenance of a cell population which later
acquires a different postsynaptic target,
such as the thalamic cells whose axons
have reached the cortex at this stage but
are 'waiting' in the subplate. The transient
cells may provide a temporary target for
these axons, because the cortical cells that
they will eventually innervate do not
develop until much later. The evidence
that the transient cells receive contacts
with all the morphological appearance of
an adult synapse may make morphologists

